The parallel magnetic and microwave loss dependence on microstructural evolutions in several polycrystalline yttrium iron garnet samples were studied in detail, focusing on the attendant occurrence of their relationships. In this study, polycrystalline YIG samples were synthesized by employing the mechanical alloying technique and sintering toroidal compacts at temperatures from 600 to 1400 °C. The samples were characterized for their evolution in crystalline phases, structure, microstructure, magnetic hysteresis parameters, microwave losses and electrical resistivity. The results showed an increasing tendency of the saturation magnetization with grain size, which is attributed to crystallinity increase in the grains. The M-H hysteresis loop results showed a transition from disordered-to-ordered magnetism which belongs to different magnetically dominant stages of formation. The starting appearance of room temperature ferromagnetic order suggested by the sigmoid-shaped loops seems to be dependent on crystallinity, phase purity and a sufficient number of large enough magnetic domain-containing grains having been formed in the microstructure. An increasing trend of transmission loss with grain size may be attributed to increment of loss contribution from hysteresis and domain wall resonance of the samples. The changes in crystallinity and microstructure, and the associated processes of microwave resonance and relaxation due to domain wall movements and damping of spin rotation contributes to the variations in transmission loss and ferromagnetic linewidth of the samples. The increased electrical resistivity while the microstructure was evolving is believed to strongly indicates improved phase purity and compositional stoichiometry.
Introduction
The general concern based on the need of developing high technological devices especially in magnetic and magnetooptical applications has been stimulated recent years. These applications usually require magnetic materials with high electrical resistivity, high magnetization and low magnetic loss due to their ability to be operated in high frequency range. Yttrium iron garnet (YIG; Y 3 Fe 5 O 12 ), both pure and with various dopants, is the most versatile magnetic material and most suitable for high frequency applications. It is categorized as a soft ferrimagnetic material where its magnetic properties are contributed by the net magnetic moment of Fe 3+ ions on octahedral and tetrahedral sites. Research on YIG was started since 1950s due to its superior characteristics i.e. low energy loss when used in microwave frequency range, having the smallest magnetic-resonance linewidth among other magnetic materials [1] . Furthermore, stoichiometric valency stability contributed by Y 3+ ions make this material the best choice in research and applications as compared to that of other soft ferromagnetic materials.
Recently, it has become known that magnetic nanostructures may have superior characteristics to those of micronsize grain microstructure due to their smaller length scales of physical phenomena in the nanosized grains. The dependence of magnetic properties on nanosized-particle YIG has been studied previously by Sanchez et al. where they reported the magnetization of YIG powders with particle sizes ranging from 45 to 450 nm [2] . Below a critical size diameter, D s = 190 nm, the particles become single domains and the coercive forces reach a maximum at diameter close to the critical value. As the particle size decreases, the coercivity diminishes and the upper limit of superparamagnetic behaviour is reached for particles with diameters of 35 nm. Rajendran et al. studied the magnetic properties and their temperature dependence of the YIG samples with particle sizes of 9, 14, 25 and 60 nm [3] . The samples with particle sizes of 9 and 14 nm exhibited superparamagnetism with no coercivity values. For the sample with average size of 25 nm, the hysteresis curve indicates a small value of coercivity which indicates ferromagnetism behaviour in the sample. However, the authors did not consider the effects of extrinsic factors such as interparticles interactions on the magnetic hysteresis property. From the various magnetic phenomena which occur at the nanosized level arises the very remarkable properties of the nanocrystalline YIG and hence it is an interesting prospect in understanding the particle/grain size effects of the YIG very own magnetic properties. Response of YIG behaviour placed in an electromagnetic field is of tremendous importance especially when it relates to high frequency technological applications. This behaviour can be expressed through reflectivity and transmittivity of materials in the microwave frequency range. However, the effect of morphological evolution from nanometric-to-micronic grain size on YIG properties especially on microwave-energy loss processes of YIG have yet not been experimentally established systematically for temperatures several hundred centigrade below the normally selected sintering temperature. Thus, the purpose of this present study is to systematically track the grain size evolution from low to high sintering temperature and its attendant effects on the properties of YIG. In this research work, the experimental approach is heavily concerns towards obtaining a possible relationship and connections between composition ⟷microstructure ⟷magnetic properties ⟷microwave loss of YIG. This kind of microstructure-property relationship study, for sintering temperature well below the normal ones, seems to have been very little reported in the past.
Materials and methods

Synthesis of samples
Polycrystalline YIG with nanosized powders samples were synthesized using the mechanical alloying technique. The analytical reagent powders of yttrium oxide, Y 2 O 3 (Alfa Aesar; 99.99% purity) and hematite, α-Fe 2 O 3 (Alfa Aesar; 99.945% purity) were used as starting materials and later being weighed and mixed thoroughly based on the stoichiometric reaction:
The mechanical alloying process was carried out in a SPEX D8000 mechanical alloying machine using a ballto-powder-weight ratio of 10:1. The process was carried out for 6 h in air at room temperature without addition of any dispersant. The resulting powder was granulated with 2 wt% polyvinyl alcohol as a binder and some zinc stearate as a lubricant. Toroidal shape samples were fabricated with an outer diameter of 15 mm, inner diameter of 10 mm and thickness of 4 mm using a uniaxial isostatic pressing of 3 tonne. The samples were finally sintered in ambient air atmosphere from 600 up to 1400 °C with 100 °C increment for 10 h.
Samples characterization
The nanometer-sized particles were confirmed by using a LEO 912AB Energy Filter Transmission Electron Microscope (TEM). For the phase formation, an X-ray powder diffraction data were collected in a PANalytical EMPYREAN X-ray Diffractometer operating at 40 kV/30 mA using Cu Kα radiation. The vibrational phonon modes were determined by Raman Spectroscopy using a WITec Alpha 300R 633 nm excitation laser. The morphological features have been observed by using unpolished surfaces with a Nova Nano 230 Field Emission Scanning Electron Microscope. The average grain size and grain size distribution was measured over 200 grains by the linear intercept method from J-Image software. Density of the sintered samples were measured using the Archimedes principle with water as the fluid medium. The hysteresis parameters of the samples were measured by a Lakeshore 7404 Vibrating Sample Magnetometer under an applied magnetic field of 12 kOe at room temperature. Microwave loss measurements were carried out by an Agilent PNA-N5227 Vector Network Analyzer (VNA) connected to cavity resonator in C-band frequency range (4) (5) (6) (7) (8) . In this measurement, spherical-shape samples were used and well-fitted in the cylindrical cavity resonator which is connected to the VNA equipment. The transmission loss, TL was plotted in decibel (dB) using the linear value of S 21 parameters given by equation below [4] :
where S 21 represents the transmission coefficient of the samples. The transmittivity was measured in a zero field and under an applied magnetic field from 0.1 to 0.5 kOe. Prior measurement, the VNA was calibrated by implementing a standard full two-port calibration technique (SOLT) for 201 frequency points in C-band. The electrical resistivity of the samples was measured using a Keithley 6485 Picoammeter.
(1)
3 Results and discussion Figure 1a shows TEM micrographs of the Y 2 O 3 + Fe 2 O 3 powder mixture after being milled for 6 h. After milling, the nanosized particle distributions ranging from 20 to 40 nm were obtained with average particle sizes of 32.5 nm (Fig. 1b) . The inhomogeneous particle size distribution can be explained on the basis of non-uniformity of the force of the milling media (steel balls and vials) onto the powder during milling process. A large distribution of particle size would increase the tendency of abnormal grain growth to occur. It was further observed that agglomeration occurred between the particles due to a large surface area and the action of magnetic forces of the particles. Higher surface area of the powder results in a greater driving force for densification, thus higher densities can be achieved. During high-energy milling, the high energy impact produces enormous amount of lattice imperfections e.g. vacancies, dislocations, anti-phase boundaries etc. in the samples and destabilization of the crystalline phase is thought to occur by the accumulation of those structural defects. In order to gain control over the microstructure of the sample, it is very important to have the optimization control of starting particle size for the reason that magnetic properties are known to be sensitive to these parameters [5] . For the evolution study, nanosized particle became the prominent choice to assist in obtaining the high reactivity resultant particle and taking into consideration the common knowledge of how closely related the magnetic properties of ferrites with the microstructure. Evolution of the properties from disordered-toordered magnetism can be critically tracked using nanosized particles, something that cannot be achieved with the use of micron-sized particles. In addition, high driving force and free energy can be gain from high surface area of the nanoparticle size; and also the reaction between particles can be triggered from the reduced activation energy of the particles during the heat treatment from the diffusion process [6] .
Structure and microstructure-related analysis
Through multi-plot of the XRD spectra in Fig. 2 , the evolution of crystallinity and phase formation was investigated as a function of sintering temperature. The peaks of two starting raw materials, i.e. hematite (JCPDS reference code: 98-005-3678) and yttrium oxide (JCPDS reference code: 98-005-0020) were evident at 2θ = 33.12° and 29.14° respectively after samples being milled for 6 h. It can be observed that intensity of main peak of yttrium oxide is much higher than that of hematite. This indicates that Y 3+ ion has a higher scattering factor, f as compared to the Fe 3+ ion. The scattering factor of an atom or an ion is equal to the number of its electron in the forward direction. In the other direction, f decreases as the quantity (sinθ/λ) increases [7] . After 6 h of milling, a significant change of yttrium oxide phase fraction can be observed where its amount decreased gradually as compared to that of hematite phase. It showed that yttrium oxide phase experienced more deformation as all reflections are sufficiently broadened in comparison to hematite phase. This indicated that the rate of peak broadening for yttrium oxide was much higher than that of hematite, therefore yttrium oxide peaks cannot be observed in the spectra after milling. Note that the hardness of hematite is higher than that of the yttrium oxide where Young modulus of hematite is 305 GPa whereas for yttrium oxide is 193 GPa [8] . This can be observed after 6 h of milling by the formation of yttrium orthoferrite phase (JCPDS: 98-003-6529) and the disappearance of yttrium oxide phase. The results suggested The presence of YIG phase is observed after sintering at 700 °C. However, full YIG phase was achieved only at 900 °C. This indicates the benefit of using mechanical alloying technique to obtain full phase and high crystallinity of YIG at low temperature as compared to that of other solid state techniques. Subsequent heat treatment on the milled particles overcomes the internal strain and stress induced during milling and increased the crystallinity and crystallite size of the samples. A complete transformation of YIG phase occurs at 1000 °C, which is much lower than YIG prepared using the conventional method which normally at 1300 °C [9] . It can be indexed to (400), (420), (422), (521), (532), (444), (640), (642), (800), (840), (842) and (664) planes of a cubic unit cell. All the peaks observed were matched well with those of YIG reported earlier [10] . The complete phase of YIG continued from 1000 to 1300 °C with increasing peak intensity. However, at 1400 °C, reduction of YIG phase intensity can be observed. This might be due to the oxygen loss occurs during sintering at high temperatures which resulted in imbalance of stoichiometric of the materials [11] . The lack of oxygen causes the Fe 3+ to be converted to Fe 2+ in order to maintain the charge balance of the composition. The details of the volume fraction of phases appeared in the samples is tabulated in Table 1 . By sintering at higher temperature, the lattice constant, a values show an increment in their values from 6.5985 to 12.3528 Å. These values are in a good agreement with those reported by Sanchez De-Jesus et al. [12] . Further information of the XRD parameters as a function of sintering temperature is shown in Table 2 .
Raman spectra in Fig. 3a , b shows the structural evolution of YIG as a function of sintering temperature. At lower sintering temperature, some peak asymmetry can be observed with a broader Raman signature. In particular, the samples sintered at 600 °C shows a broad Raman peak which indicates the phonon propagation hindered due to small grain size possesses in the sample, thus inducing a Brillouin zone folding making all phonons Raman active. Below 700 °C, the peaks other than YIG phase such as hematite, yttrium oxide and yttrium orthoferrite can be observed. Although assigning the peaks to their precise compound is difficult, they very much resemble those of stoichiometric powder mixture of hematite, yttrium oxide and yttrium orthoferrite. For instance, peak at 1320 cm −1 is showing characteristics for hematite with other peaks at 217, 290 and 400 cm −1 which can be well observed at sintering temperatures below 900 °C. The most intense vibration which corresponds to yttrium oxide however, is just present at 1060 cm −1 as a broadband and at 373 cm −1 the second most intense peak of yttrium oxide is not present in the Raman spectra. This indicates that, leading to the existence of yttrium orthoferrite that hematite has partially reacted with yttrium oxide. Between 900 and 1000 °C of sintering, a structural transition was observed which indicates YIG as a major phase in the compound. In the sample sintered at 800 °C, peak at 290 cm −1 shifted to 270 cm −1 when increasing sintering temperature to 900 °C, which indicates that the remaining hematite is reacted with yttrium orthoferrite and yttrium oxide to form YIG. However, reaching sintering temperature to 1000 °C, the sintered sample completely transforms into YIG where the peak reaching at 1300 cm −1 shifts to 1400 cm −1 . These results are strongly in agreement with XRD spectra shown in Fig. 2 .
The evolution of microstructure of YIG samples at various sintering temperatures is shown in Fig. 4 . Samples sintered at temperatures from 600 to 800 °C (Fig. 4a-c ) shows a very slight particle growth as well as an increase in agglomeration and a well-defined arrangement of particles can be observed. The formation of necks between particles that leads to the development of grains indicated by the existence of dumbbell-like structures after sintering temperatures at 900-1200 °C (Fig. 4d-g ). A hexagonal grain cross-section could be observed with further sintering reaching at 1300 and 1400 °C, corresponding to the most stable grain state with a very minimum surface free energy in the grains associated with sintering as shown in Fig. 4h , i. As a matter of fact, grain growth is a process of which a polycrystalline material average grain size increases during a heat treatment by a preferential movement of a certain grain boundary [13] . The atoms move across grain boundaries as well as within grain, when the grain boundary is a plane grain boundary, there are many atoms crossing in one direction as the other. When the grain boundary is curve in surface, the Fig. 3 a The evolution of Raman spectra of the YIG samples sintered from 600 to 1400 °C. b Close-look in the Raman spectra of YIG samples sintered from 600 to 1400 °C 1 3 Fig. 4 Microstructural development of YIG sintered at various temperatures: a 600 °C; b 700 °C; c 800 °C; d 900 °C; e 1000 °C; f 1100 °C; g 1200 °C; h 1300 °C; i 1400 °C atoms will have slightly higher probability of having more neighbours and therefore less energy. Concave curved surface has fewer energy than the convex curved surface [13] . For a polycrystalline sample to fill a three dimensional space with a minimum grain boundary area and 120° grain junction, some grain boundaries tend to be curve than planar, which mean that small grains tend to have convex surface and large grains have concave surface. As a consequent, the grain boundary itself moves toward the centre of curvature and caused the small grains to shrink and eventually disappears. Therefore, the material would have fewer but on the average, larger grain size [14] . Based on the SEM microstructures, a possibility of the densification associated with the primary particles arrangement was occurred which then followed by the lattice diffusion [15] . There is a possibility of grain boundary diffusion with the increasing value of the density and the necking processes between particles formed by lattice diffusion that took place afterwards. The starting powders can be recalled were made by the mechanical alloying process in nanosized and according to Kang [13] , grain growth dominates the densification at small grain size. According to Rahaman [16] , when the relative density value is within the range of 65-90%, an intermediate stage of sintering occurs. When the relative density is > 90%, a final stage of sintering occurs. The intermediate stage of sintering occurred based on these facts to the samples sintered from 600 up to 1200 °C. Discreet necks between the particles existed at this stage. The transport of matter is activated by the higher number of contact points in between the particles, leading to the higher amount of necks in between the particles, enhancing diffusion and evaporation-condensation with consequent bulk densification of the matter on surfaces. Sample sintered from 1300 to 1400 °C is where the final stage of sintering occurred. The grain size increased rapidly and densification slowed during this stage. The data of morphological features such as average grain size and pore size are tabulated in Table 3 where the average grain and pore size increased with increasing sintering temperature. It was found that the average grain size was increased from 91 nm to 5.78 µm. The increase of the average grain size shows the microstructural evolution of the samples. It is also shown that the density value was increased in the range of 3.89-4.89 g/cm 3 with a relative density of 77-94.6%. This strongly agrees with the porosity fraction of the sample which is inversely proportional to the density value. The porosity was decreased with increasing sintering temperature meanwhile pore size was increased with sintering temperature. The porosity of the order of 5-23% was obtained for the sintered YIG. The typical porosity which has been reported for ferrites is in the range of 7-25% [17] . During sintering process, a driving force is generated due to thermal energy, which drives the grain boundaries to grow over pores, results in decreasing the pore volume and increasing the density of the samples. The driving force depends on the sintering temperature and the size of starting particles. The high reactivity particles come from fine-sized particles from the mechanical alloying technique enhanced the driving force of the samples.
Coble's theory mentioned that from the behaviour of particle growth, the activation energy, E a of the grain growth can be calculated by using the Arrhenius equation below [18] :
where T is the absolute temperature, A is the y-intercept and D is the grain size. By using the equation, best fitted straight-line can be plotted and the slope of the Arrhenius plot can be used to deduce the activation energy of grain growth. Based on the plot in Fig. 5 , there are three different groups of activation energy of grain growth which are 37.8, 108.8 and 138.2 kJ/mol for Group 1 (600-800 °C), Group 2 (900-1200 °C) and Group 3 (1300 and 1400 °C) respectively. Such variation in the activation energy may be associated with the difference in the dominant diffusion mechanisms. An increased activation energy from Group 1 to Group 3 with increasing grain size is attributed to the transition from grain boundary diffusion to volume diffusion as grain boundary represents only a small part of crystal volume. Nanostructured grains consist of high surface-to-volume ratio, thus, have higher diffusion coefficient and lower activation energy as compared to that of bulk counterpart.
Characteristics of magnetic hysteresis loops
The hysteresis characteristics of YIG are very sensitive to the structure and volume fraction of full YIG phase and also the grain size. Figure 6 show the dependence of the hysteresis properties on volume fraction of full YIG phase and the grain size. Samples sintered at 600-800 °C show slightly narrowly bulging and linear looking hysteresis loop shapes with low value of saturation magnetization, M s . This indicates an initial stage of hysteresis development which refers to in the weak ordered magnetism in the samples. In the present state, the presence of grain growth was not apparent, thus the magnetization was contributed entirely by the spin rotation. Furthermore, the crystallinity degree is still very low and region of amorphous phase is very high, thus attributes to a randomly spin orientation and domination of paramagnetic with small superparamagnetic state. Small grain size, surface defects and strain exists between the grain contributes to the linear hysteresis loop shape [19] . By increasing the sintering temperature from 900 to 1400 °C, well-define hysteresis loops with increase values of M s can be observed. A high crystallinity and a large volume fraction of YIG phase at these sintering temperatures plays a major role in determining the shape M s value of the samples. This behaviour could be related to the increasing trend of XRD peak intensity. However, subsequent sintering at 1300 and 1400 °C shows decrease in M s values which is due to the oxygen vacancy occurred in the samples. Sintering at high temperatures generally leads to the oxygen vacancy in the samples, thus reduce the superexchange interaction between magnetic moment resulting in decrease of the M s values. An obvious transition gap from linear looking to well-defined sigmoid shape appeared for the sample sintered at 800 and 900 °C. This shows that the range of transition from 800 to 900 °C is critical for the development of the strong bulk magnetic properties. These changes can be speculated to evolve parallel of spin rotation to the domain wall formation. It can be perceived by the modification of the grain size dependent on sintering temperature. The hysteresis parameters of the samples as a function of sintering temperature and grain size is tabulated in Table 4 . By comparing the M s value with the crystallinity and volume phase fraction of YIG, it can be observed that the degree of crystallinity of the samples is still at the evolution stage. Initial stage of sintering (600-800 °C) is the region where rate of crystallization is very high. Increase in crystallization caused the material to possess a greater degree of crystallization in which the magnetization prefers to be oriented. This effect can be observed in which samples with average grain size of 0.345 µm and above produces an increase trend of M s with high ordered magnetic ordering contributes by an evolving stage towards a complete crystallization process. Meanwhile, the samples with grains below 0.345 µm and below consist some paramagnetic and superparamagnetic state. This result is in proportional with remanent magnetization value, M r . Coercivity, H c shows decrement in values due to the reduction of anisotropy field in the samples and enhancement of the grain size on the course of sintering. The magnetic moment per unit formula in Bohr magnetons, µ B was calculated from saturation magnetization of the M-H hysteresis loops using this relation [20] :
where µ B is the magnetic moment, M s is the saturation magnetization and 5585 is the magnetic factor for cubic ferrite. From the calculations, we could observe that the magnetic moment increased with increasing sintering temperature. This behaviour conformed to the microstructural changes as the sintering temperature increased. Theoretically, the net magnetic moment is equal to the sum of antiparallel alignment of magnetic moment in tetrahedral (d-) and octahedral (a-) sublattices. In YIG, the net magnetic moment is contributed by an excess of 1 Fe 3+ ion in tetrahedral sublattice. Each Fe 3+ ion consists of 5.5µ B [21] . From the results obtained, the net magnetic moment of the samples showed a large difference in value as compared to that of the theoretical magnetic moment. This is due to the microstructural effect comes from porosity and grain boundaries, as well as impurities which resulted in distortion to the superexchange interactions between ions, thus reduces the net magnetic moment. It seems that magnetization is dependent on the crystallinity, phase purity and also microstructural effects of the samples. Larger grain size and higher crystallinity as well as high phase purity subsequent to sintering process will increase the magnetic mass of the samples which results in increase in the number of magnetic moment in samples sintered from 600 to 1200 °C. The reduction in the net magnetic moment values in samples sintered at 1300 and 1400 °C is associated with the oxygen vacancy occurred during heat treatment process [11] . Spin canting was also believed to occur in the samples, thus influenced the net magnetic moment. Spin canting occurred due to incomplete stoichiometry, where angle between octahedral a-sublattice and tetrahedral d-sublattice are no longer 180° to produce strong superexchange interaction between the moment in those sublattices. This would contribute to the different type of magnetic behaviour dominance in the samples.
In general, phase and microstructural evolution caused by increasing sintering temperatures would influence the magnetic properties. As the sintering temperature increases, larger grain size would be formed, thus induces the formation of more crystalline garnet structure. Furthermore, the magnetic phase would be raised because of the increasing magnetic mass of the crystalline garnet structure. Therefore a higher sintering temperature, for instance at about 1200 °C, would lead to a higher value of magnetization. Contrary to this, for a lower sintering temperature such as 800 °C, the sample exhibited smaller grain size would contribute a greater amount of amorphous grain boundary phase compared to that of the samples with larger grain size. This amount was significant since the grain boundary volume was not negligible for nanometer grain size. Therefore, a sample with a mere appearance of pure single phase from XRD data, without large-enough grain size having been formed, would not possess the saturation magnetization and other magnetic properties normally associated with high sample crystallinity. The understanding of the development of the morphological features, i.e. grain, grain boundaries and pores, is important because a high amount of porosity and more grain boundaries would be effective pinning centres to domain wall movements, hence increasing the demagnetizing effect in the sample which results in decreases of magnetization. The evolution of grains from very fine size would be accompanied by the evolution of magnetic ordering from superparamagnetism to ferromagnetism. Figure 7 shows results of transmission loss, TL as a function of sintering temperature of the samples. Scrutinizing observation on the TL showed a slight increased from − 59.54 to − 54.07 dB as the sintering temperature increased from 600 to 1400 °C. This can be related to the effect of phase volume fraction and grain size of the samples. Smaller grain size has transmitted more electromagnetic wave energy; thus less electromagnetic wave energy is reflected back. As a subsequent of sintering process, thermal energy supplied to the samples would enhance microstructure by increase in grain size, reduction of porosity, release of internal strain and raise the magnetic mass of the samples. This contributes to the easier of spin precession during application of external magnetic field, without disturbance from the porosity, second phase and grain boundaries which results in increase of microwave transmission, and reduces the transmission loss of microwave. The result also shows the influence of magnetic field to the transmission loss of sintered YIG.
Microwave loss analysis
As depicted from the figure, the TL was increased with increasing external magnetic field for whole sintered samples regardless of their sintering temperatures. In fact, there are five major losses contribution in the samples which are dielectric loss, eddy current loss, hysteresis loss, spin resonance and domain wall resonance. At high frequency, the domain wall resonance and hysteresis loss contribution to magnetic loss are negligible [22] . Therefore, three other contributors exist which are spin resonance, eddy current loss and dielectric loss. According to Roschmann and Winkler [23] , two main sources of linewidth broadening in polycrystalline ferrites are anisotropy and porosity. At lower sintering temperatures, the small grain size ferrites exhibit a large broadening in the linewidth, which generally interpreted by considering a random distribution of the anisotropy axis in single domain particles. High fraction of porosity at lower sintering temperature generates the demagnetizing centre to produce demagnetization effect from inhomogeneous internal fields. According to Rivadulla et al. [24] , random orientation of the anisotropy energy axes from grain to grain and the demagnetizing fields arising from nonmagnetic inclusions, pores between grains, or surface pits in measured samples contributes to the linewidth broadening in polycrystalline ferrites. Microstructure with high fraction of porosity and grain boundaries, as well as secondary phase would produce a phonon-phonon scattering thus increase the transmission loss of the samples. Details of the results have been tabulated in Table 5 below. Another interesting observation from the TL results is illustrated in Fig. 8 which showed the transmission loss as a function of external magnetic field for the sample sintered at 1400 °C. Scrutinizing observation on the maximum peak of the transmission curve which is known as resonance frequency, f r shows a shift towards lower frequency from 5.64 to 5.46 GHz by increasing of external magnetic field from 0.0 to 0.5 kOe.
The ferromagnetic resonance (FMR) linewidth broadening, ΔH which manifests the microwave loss of the samples was illustrated in Fig. 9 . The ΔH of the samples was deduced using following formula [25, 26] : where γ is the gyromagnetic ratio, Δω is the difference of angular frequency of transmission signal S 21 , µ o is the magnetic permeability constant in vacuum, h is the reduced Planck's constant ( ℏ∕2π), µ B is the magneton Bohr and g e is the Lande g-factor. From the results, it can be observed that the ΔH values decreased from 1.39 to 1.14 Oe with increasing sintering temperature from 600 to 1400 °C which implies a reduction of magnetic loss of the samples. As subsequent of sintering, reduction of porosity and increasing of grain size would lead to a decrease of magnetic loss. In small grains with low density and high porosity fraction, inhomogeneous of the internal static magnetic field arises, due to the random orientation of the anisotropy energy axes of different grains or crystallites and due to the variation of the local magnetization caused by demagnetizing fields around pores and inclusions of second phase materials. This leads to a strong two-magnon scattering to occur which lies on the fact that anisotropy scattering and porosity scattering are present simultaneously. At higher sintering temperatures, the grain growth, discontinuity between grains was reduced, and pores were eliminated, therefore one can obtain the lowest possible FMR linewidth. In order to reduce the microwave loss in the samples, high electrical resistivity is required where it can reduce the contribution of eddy current in the samples. Table 5 shows a variation of dc resistivity, ρ dc as a function of sintering temperature of sintered samples. It can be observed that the resistivity values are increased and reaching the maximum value after sintering at 1300 °C, and dropped at 1400 °C sintering temperature. This can be explained on the basis of stoichiometric stability and crystal structure of YIG. During sintering process, better YIG phase purity of the samples
with larger grain size formed. This resulted in increased of the stoichiometric stability of YIG structure, reduce the occurrence of electron hopping between Fe 3+ and Fe 2+ and leads to increase of dc resistivity of the samples consequently. However, further sintering at very high temperature of 1400 °C, oxygen loss occurred in the sample and induced the probability of electron hopping, thus leads to reduction of the resistivity value.
The activation energy of electron hopping are computed from logρ versus 1000/T plots for all the samples in Fig. 10 . When sintering temperature increases, the resultant activation energy of electrical conduction also increased. Higher values of activation energy have been found to correspond to low conductivity values of the samples which is associated with the electrical energy barrier experienced by the electrons during hopping [27] . Hence, higher activation energy implied higher electrical resistivity. The temperature dependence of resistivity found to follow the Arrhenius equation [28] :
where ρ o is the pre-exponential factor with the dimensions of Ω cm, k B is the Boltzmann constant (8.6173 × 10 −5 eV/K), E g is the activation energy and T is the absolute temperature. It is observed in all the samples where resistivity decreases with increasing temperature which indicates the semiconducting nature of the samples. The effect of temperature on resistivity can be explained through conduction mechanism which involves exchange of electrons between ions of the same elements present in more than one valence state. At higher temperatures, thermal energy supplied to the samples activates the electrons hopping and electron exchange between Fe ions which can be written as: thus induces conductivity in the samples and reduces the resistivity. The decrease in resistivity with increase in temperature is due to the increase in drift mobility of electrons. In fact, resistivity is a result of combined influence of several factors such as crystal structure perfection, stoichiometric stability, phase purity, grain size, microstructural homogeneity, and Fe 2+ ion concentration [29] . Relating these results to the TL in Table 5 , it shows that narrow bandwidth and low TL can be achieved in YIG samples sintered at 1400 °C which makes it suitable for used in telecommunication devices.
Conclusions
Detailed microwave loss and magnetic properties dependence on microstructural evolution of YIG have been investigated. YIG nanoparticles were prepared by using the mechanical alloying technique. The investigated samples prepared using the mechanical alloying technique exhibit single phase garnet structure at much lower sintering temperature than that of the conventional technique. The evolution of microstructure shows a normal sintering mechanism in fabrication of ceramic. Starting with particle arrangement, grain and lattice diffusion, necking process and grain boundary formation, and later on elimination of porosity and increasing of density, these microstructural changes affect the magnetic properties greatly and evidenced in the formation of M-H hysteresis loops. The critical transformation of magnetic properties detected at 800 °C which became obvious at 1000 °C and increasing with phase and microstructural changes. The increased electrical resistivity while evolving of grain size is believed to strongly indicate improved phase purity and compositional stoichiometry. Transmission loss increased with increasing sintering temperature due to reduction of loss contribution from microstructure and anisotropy of the samples. However, it is still being considered as very low transmission loss, thus can be concluded that YIG is potentially being utilized in telecommunication devices.
